A model experiment of the developing stage of a cumulus cloud was performed by the use of NH3 gas and HCl gas which release heat of reaction by mixing. The white smoke of NH4Cl (thermal) grew upwards because of the buoyancy created by heat of reaction.
1.Introduction
In order to simulate the cumulus convection, various laboratory experiments have been performed by many workers. The shapes of convection are divided into two types. One is the isolated buoyant mass called thermal or bubble and another is the buoyant column called plume or jet. Scorer and Ronne (1956) and Scorer (1958) carried out a well-known experiment on a thermal in which they released a mass of dyed heavy salt solution into a water and observed its downward growth due to the difference in the density. Ogura (1962) simulated a dry convection by numerical experiments and obtained results which are consistent with Scorer's model. However it was a question whether the results obtained by Scorer's model were directly applicable to the moist convection which accompanies release of latent heat. Turner (1962) introduced a concept of the "starting plume" by combining the thermal with the plume theory. Further in order to examine the effect of release of the latent heat, Turner (1963) performed a laboratory experiment in which supersaturated CO2 gases were educed as minute bubbles from a dilute solution of sodium bicarbonate to simulate the latent heat. Then he pointed out that the half-broadening angle of the plume was a little smaller than that of a thermal with a constant total buoyancy. Yang (1968) conducted an experiment of the upward thermal by a method similar to Turner (1963) in order to simulate a release of latent heat and the increase of diameter at the cloud base.
Recently, Steiner (1973) conducted a threedimensional numerical experiment of cumulus clouds and compared with the results of laboratory experiments. Cotton (1975) upper space of the box with NH3 gas, a shutter was set in the middle level. After the turbulence which was risen by the introduction of NH3 gas, calmed down, the shutter was opened. Then HC1 gas of constant volume was instantaneously shot up as a jet through a nozzle set at the bottom. The gas was forced to rise upwards to contact with NH3 gas in the upper space because HC 1 gas is heavier than air. When the introduced HC1 gas contacted with NH3 gas, NH4C1 smoke was produced at the level of the shutter or a little below and the smoke began to grow upwards, releasing the heat of 42 kcal/ mol. It may be regarded that the level at which NH4Cl was made by the reaction corresponds to a cloud base or condensation level. After a run of experiment the gases in the box were drawn out by a fan set in the ceiling and clean air was introduced from the left side of bottom. Then the next experiment was repeated.
The inside of the box was uniformly illuminated. The growth of thermals (smoke region) was recorded with a 16 mm movie camera from the front of box as illustrated in Fig. 2 . The height of the top and the maximum diameter of the thermals were analyzed with the Vanguard Motion Analyzer. The scale of photographs is given in the right hand side of the thermals in the photograph.
The temperature excess of thermals was measured by the rapid temperature rise when the smoke arrived at the thermocouple (T in Fig. 1 ). The air temperature was almost uniform in the upper space but was about 1* higher than that of the half below the shutter. Accordingly the air in the box was in general well stratified. However it was unstable for the thermal which was produced owing to the release of heat of reaction. It is desirable for the temperature stratification to be neutral in the box, however it was difficult to remove the temperature difference in the box.
Experimental results
Photographs in Fig. 2 show a growing process of a thermal. A jet of HCl gas shot up from the bottom of the box is ascending by reacting with NH3 gas above the shutter level. Numbers at the right bottom of photographs indicate the time after the HCl gas was introduced into the box. The thermocouple was set in the lower end of a white vertical stem in the center of the box.
The chemical reaction progressed as follows; the outer portion of HCl gas which contacted with NH3 gas took a form of a membrane of light blue colour of NH4C1 and a few knobs came out from a top of the membrane, as seen in Fig. 2 a and b. It may be considered that the chemical reaction already began in the interior of the thermal at that time. At this stage the reaction was vigorous and the outline of the thermal was wholly distinct. After that the thermal increased its upward velocity and finally it struck the ceiling. The thermal developed in a shape of an inversed cone, however its horizontal dimension at the vicinity of shutter level was constant. The relations of maximum diameter: D and the height of the top of thermals: H with respect to time were shown in Fig. 3 . The height was indicated on the basis of the shutter level. As seen in the figure the upward velocity gradually reduced after shooting below the shutter level. This may be caused by the stable layer below the shutter level and by the load of HCl gas. But as soon as HCl gas contacted with NH3 gas and the reaction began above the level, it steeply rose up and increased its upward velocity. After that it rose with an almost constant velocity. A range of curve between two black circles shows the accelerating stage of the thermal and the another range between two triangles shows the stage which is considered to be in a constant upward velocity.
The temperature excess which was measured by the thermocouple is shown in the left top of Fig. 3 . Since the thermocouple is fixed at a point, the time change in the temperature excess is caused by the passage of the thermal. It is seen in the figure that the excess temperature increased by one degree at the top of the thermal and was almost constant in the trunk of the thermal.
3-1. The variation of the maximum diameter As shown in Fig. 3 , the maximum diameter: D increased linearly with time in the accelerating stage. Therefore, D may be expressed by a relation D=2u0t+const.
( 1) where uo is the horizontal velocity of thermal edge and t is the time.
The relation between the height of thermal top and the maximum diameter is shown in the righthand side in Fig. 3 . It may be seen that the half-broadening angle (1/2 dD/ dH=dR/ dH) increased at the vicinity of the site of the shutter. This may be because the ascending motion of thermal was restricted by the stable layer near the shutter level and extended horizontally. After passing the shutter level, however, the angle extremely reduced according to the rapid growth of thermal due to the evolution of reaction. Such reduction in the angle was not clearly seen in experiments conducted by other workers. Above 30 cm height, maximum diameter again increased. This may be caused by the effect of the disturbance due to the ceiling. A dotted curve shows the upward velocity in pre-reaction and a solid curve shows the velocity during reaction. Fig. 4 shows the relation between broadening angle and upward velocity of thermals. The black circles and the triangles in the figure correspond to those in Fig. 3 , and arrows show the direction of time lapse. As shown in a dotted line, the upward velocity was decreasing until the time of reaction, but after the reaction it was accelerated as shown by a solid line. On the other hand, as the upward velocity increased, the half-broadening angle was reduced to a value of about 0.1 as seen in the figure. This change in the angle shows that the ascending parcel takes a form of "thermal" at the earlier decelerated stag e where HCl gas is diluted and it approaches to the "plume" in the late accelerati ng stage.
3-2. The relation between the height of the top and the maximum diameter
If we describe the height of the thermal top in a logarithmic scale as shown in Fig. 5 , it may be seen that in the accelerating stage the relation between the height of thermal and the time is described by H*exp (*t)
where * is the growth rate of the thermal top. This formula is in agreement with the result obtained by Ogura (1963) in the numerical experiment of a moist convection in the conditionally unstable layer. Eliminating the time: t from formula (1) and As for the temperature excess, the maximum value in the T-Time curve in Fig. 3 was employed. Using these values the C values were calculated for ten runs, as shown in table 1. These values of C were roughly the same, the average being 2.0.
3-4. The half-broadening angle in the constant upward velocity stage
Let us derive the half-broadening angle, utilizing one-dimensional equation of motion. The equation of momentum conservation of the thermal can be expressed as
where M is the mass of a thermal and equal to * V. If the shape of the thermal is invariable, the volume: V is given by the following formula V=mR3 (7) where m is a constant depending on the shape of the thermal. Fig. 6 were taken in the cloud observation at Fukue, Kyushu (Kon et al. 1975) . The time change of the height and the diameter of the cumulus located at the righthand side of the figure was analyzed as shown in Fig. 7 . It is seen in this figure that the maximum diameter of the cloud increased linearly with time and its height increased exponentially with time at least up to 1517. Comparing the figure with Fig. 5 , it may be seen that these Fig. 6 The growth of cumulus clouds observed at Fukue. The cloud to the right was analyzed.
July 24, 1970. results are qualitatively in agreement with those of the laboratory experiment. However the Froude number of the cloud was not obtained, because the temperature excess was not measured. The growth rate and the broadening velocity of the cumulus cloud estimated in the linear portion in Fig. 7 were 1.3*10-3 seci and 3.1 m/ sec, respectively.
Cumulus clouds were also measured in their early stage in Sapporo (Chiyu et al. 1973) . Froude number were calculated for small cumulus clouds.
In this case the parcel method may be applicable to estimate the temperature excess. The analysis was made for two cumulus clouds indicated by Fig. 8 mother cloud volume. Therefore, it may be allowed to use the parcel method. Then the C values of the two cumulus clouds were calculated as 1.8 and 1.0 as listed in table 2.
Discussion
It is generally said that the entrainment coefficient in the laboratory experiment is 0.6 for a thermal which is diluted without mass supply from below and 0.2 for a plume which is compensated by updraft from below (Cotton, 1975) . For small cumulus clouds McCarthy (1974) got a value of 0.3. In the present experiment the value was 0.24 for a constant velocity stage. At this stage it is considered that the thermal was diluted by entrainment, on the other hand it acquired buoyancy due to the release of the heat of chemical reaction. It may be concluded from the results described above that the entrainment coefficient is fairly variable, depending on the increase or decrease of buoyancy.
The value of C (square root of Froude number) obtained by the present experiment are compared with those by earlier workers as shown in table 3. The Scorer's C value is considerably smaller than the present thermal with heat generation, because when heat is released the halfbroadening angle becomes small and C2 is inversely proportional to the angle. It is interesting that the values of C of natural cumulus clouds were intermediate between those of two kinds of thermal. 
